Treatment of tannery wastewater is problematic due to high and variable concentrations of complex pollutants often combined with high salinity levels. Two series of horizontal subsurface flow constructed wetlands (CWs) planted with Arundo donax and Sarcocornia fruticosa were set up after a conventional biological treatment system operating at a tannery site. The aim of the CWs was polishing organics and nitrogen from the high salinity effluent (2.2e6.6 g Cl À L
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Treatment of tannery wastewater is problematic due to high and variable concentrations of complex pollutants often combined with high salinity levels. Two series of horizontal subsurface flow constructed wetlands (CWs) planted with Arundo donax and Sarcocornia fruticosa were set up after a conventional biological treatment system operating at a tannery site. The aim of the CWs was polishing organics and nitrogen from the high salinity effluent (2.2e6.6 g Cl À L
À1
). Both plant species established and grew well in the CW. Arundo, however, had more vigorous growth and a higher capacity to take up nutrients. The CWs were efficient in removing COD and BOD 5 with removal efficiencies varying between 51 and 80% for COD (inlet: 68e425 mg L
) and between 53 and 90% for BOD 5 (inlet: 16e220 mg L À1 ). Mass removal rates were up to 615 kg COD ha À1 d À1 and 363 BOD 5 kg ha À1 d
. Removal efficiencies were 40e93% for total P, 31e89% for NH 4 þ and 41e90% for Total Kjeldahl Nitrogen. CW systems planted with salt tolerant plant species are a promising solution for polishing saline secondary effluent from the tannery industry to levels fulfilling the discharge standards. Ó 2011 Elsevier Ltd. All rights reserved.
Introduction
Leather, agro-food and petroleum industries are among the sectors that generate highly saline wastewaters due to their productive cycle. In the leather sector certain streams of effluents may contain as much as 80 g L À1 of NaCl (Lefebvre and Moletta, 2006) . The presence of salts in high amounts in wastewaters may adversely affect the biological processes in the wastewater treatment systems since hypersaline effluents are often recalcitrant (Lefebvre and Moletta, 2006; Rhoades et al., 1992) . Constructed wetlands (CWs) are robust biological systems that can be applied for the treatment of several types of polluted water (Brix, 1994; Vymazal et al., 2006) . CWs have been successfully applied for treatment of domestic sewage El Hamouri et al., 2007; Konnerup et al., 2009; Trang et al., 2010) , tannery wastewater (Calheiros et al., 2009; Emmanuel and Anand, 2007) , piggery manure (Dan et al., 2011; Kantawanichkul et al., 2009; Meers et al., 2008) and fishpond water (Konnerup et al., 2011) . However, the biological treatment processes may be inhibited by high salt concentrations (Lefebvre and Moletta, 2006) . This has been scarcely studied in CWs (Karaji c et al., 2010) . The wetland plants growing in CWs are important since they possess several functions in relation to the water treatment (Brix, 1997) . The most commonly used plants are robust and fastgrowing species of emergent wetland plants (Vymazal and Kröpfelová, 2008) , such as Typha latifolia and Phragmites australis (Brisson and Chazarenc, 2009 ). However, when dealing with high salinity wastewater caution must given to plant selection as they should be salt tolerant in order to have a resilient and effective CW system. Klomjek and Nitisoravut (2005) evaluated the feasibility of using CWs to remove pollutants from saline wastewaters using eight plant species. They reported that cattail (Typha angustifolia) had the best plant growth and nitrogen assimilation whereas Asia crabgrass (Digitaria bicornis) was superior for BOD 5 removal when compared to the other species (Cyperus corymbosus, Brachiaria mutica, Vetiveria zizaniodes, Spartina patents, Leptochloa fusca and Echinodorus cordifolius). Kaseva and Mbuligwe (2010) found that a CW planted with Phragmites mauritanus was effective in removing chromium from a wastewater with a high content of dissolved solids (approx. 11 g L À1 ). Hence, CWs may have potential to treat saline wastewaters, but the selection of plant species may be important. The aim of the present study was to assess the potential of using a horizontal subsurface flow CW system for polishing organics and nitrogen from a tannery wastewater with a high salinity. Two plant species were tested: Arundo donax (L), which is a large and robust grass commonly found in the surroundings of the study site, and Sarcocornia fruticosa (L.) A.J. Scott, which dominate local salt marshes and hence is tolerant towards exposure to saline water. The treatment performance of the experimental CW systems were monitored for COD, BOD, TSS, TDS, N (TKN, NO 3 À , NH 4 þ ) and TP removal. Furthermore, the propagation and growth of the two plant species and their uptake of N and P were assessed.
Material and methods

Constructed wetlands set-up
Two horizontal subsurface flow CWs (each with an area of 72 m 2 and a bed depth of 0.35 m) were set-up at a leather company in the centre of Portugal (N 39 21 0 37.44 00 , W 8 45 0 41.04 00 ) for polishing the tannery wastewater after a conventional secondary treatment system (activated sludge). This region is considered to have a warm temperate climate with dry summer (Kottek et al., 2006) . During the sampling period, the air temperature at the site varied between 11 and 27 C. Each CW system was subdivided into three beds and planted with either A. donax (designated as CWA -Arundo-planted CW) or S. fruticosa (designated as CWS -Sarcocornia-planted CW) (Fig. 1) . The substrate in the beds consisted of equal parts of Filtralite Ò NR 3-8 (particle size 3e8 mm), and washed sand (particle size 4e8 mm). This media has been studied previously showing low adsorption capacity for organic matter (Calheiros et al, 2008) . The A. donax used in the CW was transplanted from the surroundings of the wastewater discharge site of the leather company, and the S. fruticosa was transplanted from a nearby salt marsh. The plants were planted by hand at a density of 3 plants per m 2 . Feeding of wastewater to the system was made through a perforated polyvinylchloride (PVC) rigid pipe with a hydraulic flow control. During the initial two months after planting, the systems were first fed with a stream (4 m 3 d À1 ) of unpolluted water (one month) and subsequently, for another month, that continuous stream was mixed with the wastewater coming from the conventional secondary treatment system (50 % wastewater ), total phosphorus (TP), and chloride (Cl À ). The dissolved oxygen (DO), temperature, pH and conductivity were monitored on-site with a WTW handheld multiparameter instrument 340i at the inlet and outlet of the beds.
Plant growth and tissue analysis
Plants were visually inspected on a weekly basis for signs of toxicity such as chlorosis, necrosis and malformation. The shoot density and shoot height (starting from the substrate level) of eighteen plants from each CW bed were monitored at least monthly during the initial 240 days after planting (corresponding to the period with an HLR of 60 mm d
À1
). For chlorophyll analysis, three plants were randomly selected from each bed (CWA2, CWA3, CWS2 and CWS3) by the end of the period with an HLR of 210 mm d
. Three circular discs of leaves from each plant were cut with a 10.5 mm corer, and were extracted in N,N 0 -dimethylformamide for Chlorophyll a and b analysis according to Wellburn (1994) . In addition, four randomly selected specimens of each plant species were collected for dry biomass determination (70 C for 48 h in an oven) and analysis of tissue concentrations of phosphorus (P) and nitrogen (N). Concentrations of N and P in leaves, stems and roots were analysed by colorimetry (Helios Gamma, Unicam, Cambridge, UK) following the procedure of Wallinga et al. (1989) .
Data analysis
Statistical analyses were performed using the software SPSS (SPSS Inc., Chicago, IL, USA; Version 12.0). The data were analyzed by Student's t-test. Values are generally presented as the mean AE 1 standard error. Spearman's correlation analyses were performed to study possible correlations between the different variables (COD and BOD 5 removal efficiencies and the organic mass removal rates for each Arundo and Sarcocornia-planted bed versus the wastewater temperature and the air temperature).
Results and discussion
Wastewater from the tanning industry is characterized by high organic loadings due to the processes used to turn raw hide or skin into leather, a non-putrescible product. Subsurface flow CWs have been used with success for the secondary treatment of wastewaters with high contents of organics (Calheiros et al., 2008 (Calheiros et al., , 2009 Dan et al., 2011; Kantawanichkul et al., 2009 ). However, in addition to the high organics contents, tannery wastewater may also contain high concentrations of salts that may affect the microbial degradation processes in the wastewater treatment systems. In this study the performance, in terms of contaminant removal with special focus on BOD 5 and COD, and plant development of two series of CW beds planted with A. donax and S. fruticosa polishing tannery wastewater, was evaluated for more than one year at two different HLRs of 60 and 210 mm d
À1
. The wastewater used in this study originated from a conventional secondary treatment system. Thus COD and BOD 5 levels were generally low: 68-425 mg L À1 for COD and 16-220 mg L À1 for BOD 5 . The wastewater was considered to be highly saline with electric conductivities of 13.3e19.3 mS cm À1 and TDS concentrations of 4220e12300 mg L
. For plant selection, it was given as prerogative that plants should be present in the surroundings of the site and/or to have evidence of being resilient to high salinity wastewater. A. donax was abundant at the site of the wastewater discharge, and this species has previously been used with success in CW systems treating sewage (El Hamouri et al., 2007; Mavrogianopoulos et al., 2002) . S. fruticosa is a species typical of salt marshes and are inherently adapted to grow at high salinities (Alonso and Crespo, 2008; Redondo et al., 2004) .
Constructed wetland performance
The performance of the CW systems at the two HLRs of 60 and 210 mm d À1 are presented in Tables 1 and 2 , respectively. Fig. 2 presents COD removal in the individual beds operated in series (first CW1, second CW2 and third CW3). Removal efficiencies for COD and BOD 5 were high, up to 80% for an inlet COD of 68e425 mg L À1 and up to 90% for an inlet BOD 5 of 16e220 mg L
À1
. No significant differences were seen in COD and BOD 5 removal between the two series for each HLR applied, although Calheiros et al. (2009) found that removal efficiency decreased with HLR. These findings may be attributed to the fact that in the present study the organic loadings were relatively low as the CW systems were receiving secondarily treated wastewater. Linear correlations between mass loading rates and mass removal rates of COD (CWA: R 2 ¼ 0.9846; CWS: R 2 ¼ 0.984) and BOD 5 were found ( Fig. 3 ; data for BOD 5 not shown), illustrating the capacity of the system to remove COD and BOD, as previously shown (Calheiros et al, 2009 versus the wastewater temperature and the air temperature (at the time of sampling) showed no statistically significant (p < 0.05) relationships between any of these factors. TSS removal did not differ significantly between the Arundo and the Sarcocornia-planted beds and did also not differ between loading rates. The concentrations of dissolved solids in the water were high (TDS 4220 to 12300 mg L À1 ) and TDS were barely removed in the CWs (removal efficiencies 2-30 %). Chlorine concentrations were also high (2200-6600 mg L À1 ) in the inlet and decreased up to 32 % at the outlet. Emmanuel and Anand (2007) presented a reduction of 16% and 50% for COD (inlet: 465 mg L À1 ) and BOD (inlet: 28 mg L À1 ), respectively, in a reed bed used to improve tannery wastewater after a conventional secondary treatment. This wastewater had a high content of TDS (5550 mg L À1 ) which was reduced by only 1.3%, though in the present study a decrease up to 30% was registered for an inlet TDS varying between 4220 and 12298 mg L
. Daniels (2007) found that reed beds performed well treating tannery clarified effluent with a TDS concentration of 11500 mg L À1 and achieved removal efficiencies of 90% for COD (inlet: 2500 mg L À1 ) and 92% for BOD (inlet 800 mg L À1 ). Also Karaji c et al. (2010), who used a pilot scale horizontal flow CW to treat saline wastewater, concluded that salinity did not have a strong influence on the removal efficiency of COD. This supports the findings of the present study.
Phosphorus and nitrogen are generally removed less efficiently in horizontal subsurface flow CWs than COD and BOD 5 (Vymazal et al., 2006; Vymazal and Kröpfelová, 2008) . As an example, El Hamouri et al. (2007) In the present study we found significantly higher removal of nutrients, namely 40e93% for total P, 31e89% for NH 4 þ and 41e90%
for TKN. However, the systems did not nitrify the effluent. Overall the effluent from the CW system fulfilled the Portuguese discharge limits for tanneries concerning COD, BOD 5 , TSS, NH 4 þ , NO 3 À and pH (Portaria n.o 512/92 de 22 de Junho and Decreto-Lei n.o 236/98 de 1 de Agosto).
Plant growth and development
Both wetland species established and developed well in the CWs, without showing signs of toxicity. Occasionally, and coinciding with high air temperatures, the A. donax leaves were infested by aphids, but the infestation did not seem to affect the plant growth. The shoot density increased from 3 per m 2 at the start of the experiment to more than 17 per m 2 for A. donax beds and more than 5 per m 2 for S. fruticosa beds by the end of the monitoring period at day 240 (Fig. 4) . By the end of the trial the average plant height of S. fruticosa was 25 AE 1 cm that of A. donax 97 AE 3 cm. The density and development of A. donax during the trial was better than that of S. fruticosa due to the different intrinsic characteristics of the two species. The A. donax root system was deeper and more developed than that of S. fruticosa. In nature A. donax may reach heights of up to 3e10 m, depending on growth conditions (Mavrogianopoulos et al., 2002) . The concentrations of chlorophylls in the leaves are presented in Table 3 . The size of the A. donax plants harvested at the end of the study in the second bed (CWA2) varied between 108 and 365 g DW per plant (average: 232 g DW) and in the third bed (CWA3) between 59 and 407 g DW per plant (average: 204 g DW). For S. fruticosa the dry biomass varied between 7 and 84 g DW per plant (average: 48 g DW) in the second bed (CWS2), and 6 and 110 g DW per plant (average: 38 g) in the third bed (CWS3). There was no substantial difference between the biomass of plants in bed 2 and bed 3 of any of the species, and the plant biomass did not correlate with tissue N and P concentrations. The P and N concentrations in the plant tissues did not differ significantly between the beds (Table 4 ). The concentrations of both N and P were however higher in A. donax than in S. fruticosa. This, coupled with the more vigorous growth and biomass development of A. donax compared to S. fruticosa indicates, that the role of the plants for the treatment processes, including nutrient uptake, is greater for A. donax than for S. fruticosa. A. donax is well adapted to the high disturbance dynamics of riparian systems (Bell, 1997) and has also shown high tolerance when irrigated with water containing the heavy metals cadmium and nickel (Papazoglou, 2007) . Earlier studies have indicated that A. donax has a potential to treat saline wastewaters, P-, and N-rich wastewaters and to produce high biomass yields (Williams et al., 2008) . Also, Mavrogianopoulos et al. (2002) reported that the use of A. donax in a closed gravel hydroponic system would work not only as a biomass production system, but also as a wastewater cleaner for minerals and metals.
The role of plant nutrient uptake is however generally considered of limited importance in relation to nutrient removal in this type of CW system (Brix, 1997) , which was probably also the case in this study.
Conclusions
The present study indicates that CW systems can be successfully established for polishing of highly saline effluents from the tannery industry. Horizontal subsurface flow CWs proved to be very effective in removing BOD and COD, nitrogen and phosphorus from saline secondary effluent, and able to produce an effluent quality that fulfils the discharge standards. CWs should be established with several beds in parallel and/or in series to allow for operational flexibility. The plant species Arundo and Sarcocornia established and grew well in the CWs, however Arundo is considered the most promising species because of its deeper root system, its more vigorous growth and higher capacity to take up nutrients. Plants play an important role in CWs contaminant removal, and their favourable development is an indication of successful wastewater treatment. 
